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text S1. DNA repair by HR and RuvC specificity for four-way junctions HR is ubiquitous and conserved across the tree of life (100). DNA damage that leads to discontinuities such as double-stranded breaks (DSBs) and single-stranded gaps are mended by aligning one strand of discontinuous DNA by basepairing with continuous, complementary ("homologous") DNA elsewhere in the genome (e.g., Fig. 1Aiii ). The homologous sequence templates any repair synthesis needed (e.g., Fig. 1Aiv, dashed lines) and, in some HR mechanisms, becomes covalently joined with the previously discontinuous sequence to reconstruct a correct, intact chromosome ( Fig. 1Av , solid blue-green junctions). The homologous sequence is commonly a sister chromosome (6) but can be any region of sequence identity in the genome. "Strand-exchange" proteins RecA in bacteria, and its orthologs (including RAD51) in eukaryotic and archaeal cells perform the alignment (Fig. 1Aiii ). In some HR reactions strand-exchange intermediates progress to a transient four-way DNA junction called a Holliday junction (HJ) (8) ( Fig. 1Aiv the strands under, above and below each hexagon, Fig. 1B) , which must be "resolved", by any of several mechanisms, to re-create functional duplex DNA chromosomes (e.g., endonucleolytic resolution, Fig. 1Aiv -v).
E. coli RuvC is a highly four-way DNA junction-specific binding protein (30) (31) (32) . Fogg et al. compared the dissociation constant (Kd) for RuvC interaction with three-way and four-way DNA junctions. They found that RuvC bound four-way DNA junctions 10-times better than it bound threeway DNA junctions, and 10 3 -10 4 -times better than linear duplex DNA (101). In solution, RuvC alone can bind HJs independently of RuvA (44), the stationary anchor of the RuvAB motor responsible for directional branch-migration of four-way junctions.
text S2. About half of HJs are detected as RDG foci in living E. coli cells, and half of Gamdetectable DSBs result in HJ foci
The ratio of RDG (HJ) foci ( Fig. 2D) to GamGFP (DSB) foci (Fig. 2B ) is 0.83 and 0.59 ori-proximally and -distally, respectively, implying that 83% and 59% of Gam-detectable DSBs become HJs at those sites. Because GamGFP detects about 82% of DSBs (39), this implies that roughly 68% of the oriproximal and 48% of the ori-distal DSBs lead to RDG foci. From these and data with gamma-rayinduced DSBs, we estimate the efficiency of detection of HJs as ≥ roughly 50% of HJs detected as RDG foci as follows.
In a dose range in which gamma rays induce 0.014 DSBs/E. coli cell/Gy (102), we observed 0.005 RDG foci/cell/Gy. The data imply that about 36% (0.005/0.014=36%) of gamma-induced DSBs result in RDG foci (Fig. 2F ). This is roughly similar to the estimated 68% and 48% efficiency of HJs detected as RDG foci per ori-proximal and -distal I-SceI-induced DSBs, respectively, above and Fig. 2A-E. These are minimum estimates of HJ-detection efficiency because only repairing DSBs produce HJs, and many gamma-and I-SceI-induced DSBs may not be repaired to the HJ stage given that both treatments cause some cell death [e.g., ~2% survival at 20 Gy (102), used Fig. 2F ]. Real HJ-detection efficiency as RDG foci is likely to be higher. These estimates could be two-fold higher if not all DSBs lead to HJs, or lower, if the HJs detected as foci were mostly double rather than single HJs (double HJs illustrated Fig. 1Aiv ). However, lower detection is unlikely because single HJs are predicted for most DSB repair in E. coli (103), and multiple foci per cell are observed ( Fig. 2C,D) , indicating that all repair HJs do not group into a single focus. The data suggest that RDG detects at least half (≥36%-68%) of HJs formed in cells.
fig. S1. Design of a catalytically inactive RuvC for trapping HJs: RuvCDef. Superimposed 3D structures of the active sites of mutant bacteriophage bIL67 RuvC (cyan) and E. coli RuvC (green) are shown. Catalytic amino acids D7 and E66 of E. coli RuvC are altered to N7 and D66 respectively to create a catalytically inactive protein: RuvCDef, which recapitulates inactivating mutations demonstrated for bIL67 RuvC (104, 105) . Dashed lines, distance between two atoms (Å).
fig. S2. Purified RDG binds, does not cleave, and inhibits action of other proteins on synthetic HJs in solution.
Representative images of agarose gel electrophoresis of the mixtures with DNA visualized with ethidium bromide shown (A-F). For better clarity of the protein-bound DNA bands, inverse-contrast images are shown in E and F. (A) RDG and RuvCGFP bind synthetic HJb in solution. HJb contains the 13bp recognition sequence for Flp site-specific recombinase (36). Molar ratios of protein to junction were 1.25, 2.5 and 5 (lanes 2-4 and 5-7). (B) HJc containing the EcoRI recognition sequence is bound completely by RDG or RuvCGFP at a junction to protein molar ratio of 1:10. 10 min incubation on ice, at 23°C or at 37°C saturated binding. (C) RuvCGFP, but not RuvCDefGFP (RDG), cleaves synthetic immobile HJ, HJa, in assays per (104, 105) . (D) RDG and RuvCGFP do not inhibit EcoRI cleavage of linear duplex DNA containing the EcoRI site. The data imply that RDG and RuvCGFP inhibition of EcoRI cleavage of HJc ( Fig. 1E ) reflects binding of the HJ structure, and not a general inhibition of EcoRI activity. Left, linearized DNA substrate design and representative gel images of EcoRI digestion unaffected by RuvCGFP or RDG. Right, DNA band intensities normalized to time zero of EcoRI treatment, mean (± SEM) of 3 experiments. (E) RDG binds and inhibits action of Flp recombinase at FRT sites near a junction center. Two pmoles of the Holliday junction HJb, containing the Flp recognition sequence, were pre-incubated with 20 pmoles of RDG to establish complete junction binding (lane 2). The bound complex was challenged with 8 and 16 pmoles of Flp, sufficient for ~70% and complete conversion of the junction into the Flp-bound form, respectively, in the absence of RDG (lanes 3 and 4). For competition with 8 pmoles Flp (lane 5), the fraction of HJ-Ruv complex not competed by Flp was 55 ± 2%. With 16 pmoles Flp (lane 6), this fraction was 45 ± 2%. (F) For revealing protein-associated DNA bands, a competition assay, performed as in (E) with 16 pmoles of Flp as competitor, was complemented by western blotting (shown G, H). According to quantification of the ethidium bromide-stained DNA bands, ~48% of the RDG-bound junction was refractory to competition by Flp (lane 4). (G) DNA-bound proteins from the gel shown in (F) were transferred to a PVDF membrane, which was probed using antibodies (Ab) to GFP. (H) The same membrane as in (G) was re-probed 48 h later using Ab to Flp. These data demonstrate the presence of RDG in HJb-RDG complex bands (F,G) and of Flp in the HJb-Flp bands (F, H). Fig. 1C and not illustrated, respectively; PN25tetO, chromosomal PN25tetO promoter only. The data show that, as expected, there is no effect of RDG-no dominantnegative UV sensitivity in the ruvC + strain background-when the ruvCDefgfp gene is transcriptionally silent (uninduced, no doxycycline, here).
fig. S4. Titration of RuvC with RDG levels shows minimum RDG/RuvC ratio at which RDG outcompetes RuvC, preventing repair in living cells. (A) Production of varying amounts of IPTG-
induced RuvC in doxycycline-induced RDG-producing cells and their resulting sensitivity to UV light. 100 ng/ml doxycycline and different doses of IPTG (0, 10 -3 , 10 -1 mM) were added to induce RDG and wild-type RuvC proteins, respectively. Cells were treated with UV doses indicated. Control ∆ruvC Ptac cells are sensitive (all panels); ruvC + Ptac control cells are resistant (all panels), and control ∆ruvC PtacRuvC cells are also resistant in all panels from leaky expression from the functional PtacRuvC construct (left panel, No IPTG, shown in western blot in B) and IPTG-induced production of RuvC (middle and right panels). Error bars, SEM, mean of 3 experiments. (B) RDG inhibits RuvC action in living cells when their ratios predict that RDG homodimers are only half as numerous as RuvC homodimers, but not when RuvC homodimers are expected to exceed RDG homodimers by 7.8 ± 0.8 times (mean ± SEM 3 experiments with 50-58% RuvC versus to 6-8% RDG homodimers). Representative western blot shows levels of RDG and RuvC monomer proteins at the IPTG levels used (above) using anti-RuvC antibody. Because proteins are denatured in western blots, no dimers (homo or hetero) are seen. The table shows the expected ratios of RuvC to RDG homodimers and heterodimers predicted from the protein levels observed, assuming no bias in dimerization of either protein with itself or the other species. The ratios of RuvC to RDG monomeric units observed were 0.16, 1.53 and 2.5 in the cells with 0, 10 -3 and 10 -1 mM IPTG, respectively in the representative experiment shown (one of three performed). (C) Western blot showing that with the expression protocol used in most experiments in this work, the levels of RDG induced from the chromosomal transgene (RDG) are about 50-times greater than those of RuvC, produced from the native ruvC + gene (RuvC non-detectable), such that RDG is expected to protect essentially all HJs from RuvC action (per A, and B).
fig. S5. Spontaneous RDM foci colocalize with RecA-GFP strand exchange protein in E. coli cells. We moved RDM into a strain carrying the recAo1403,4136,4155-gfp allele (46), which produces a GFP-tagged hypomorphic-mutant version of RecA from the native locus. The mutant RecA has decreased non-DNA foci/filaments and reduced HR activity (46). We see significant overlap between spontaneous RDM and RecA-GFP foci (blue arrows; white arrows non-overlapping RDM or RecA-GFP foci). (A) Representative images. (B) RDM forms foci that overlap significantly with foci of a RecA-GFP fusion protein (P = 0.002, two tailed paired t-test). 76-83% of RDM spontaneous foci overlap with RecA-GFP foci; the remaining 17-24% are not overlapping (range for 2 experiments). Because foci of proteins bound to specific DNA sites overlap at 10kb and can be distinguished at 13-55 kb (39, 47), the overlap here puts these proteins meaningfully in the same vicinity in the 4.6MB E. coli genome. Plots, range of 2 experiments, >600 cells with >50 foci of each kind scored. The absolute frequencies were 0.046-0.056 solo RecA-GFP foci/cell, 0.013-0.022 solo RDM foci/cell, and 0.063-0.068 RecA-GFP co-localized foci/cell. By contrast, production of the GFP-alone control caused rare green foci [0.0005 foci/ cell, similar to a previous report (39)], and RDM (red) foci at 0.038 ± 0.004 per cell (mean ± range, two experiments), with co-localization of these at only 1.0% ± 0.2% (mean ± range). The data imply that RDM foci formed in regions with DNA damage/DNA repair, supporting their representing HJs. The data also show a small increase in RDM foci when RecA-GFP is produced, indicating that this partial-functional RecA fusion (46) may prolong repair duration and/or slightly increase DNA damage compared with the wild-type RecA in the GFP-alone control Fig S10. fig. S11. RecA overproduction is induced after RDG accumulation in cells. The amount of RDG in cells was determined by the intensity of GFP (GFP intensity at 0h is normalized to 1), measured by flow cytometry. IPTG was used to induce the Ptac promoter that controls the (additional) plasmidborne recA copy. 
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